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Attenuation of Ischemia/Reperfusion Injury in Rats by 

a Caspase Inhibitor 

Hiroyuki Yaoita, MD; Kazuei Ogawa, MD; Kazuhira Maehara, MD; Yukio Maruyama, MD 

Bacfc^rowni— Z-Val-Ala-Asp(OMe)-CH2F (ZVAD-fink), a tripeptide inhibitor of the caspase interleukin-l)3- converting 
enzyme fiunily of cysteine proteases, may reduce myocardial reperfiision iiijury in vivo by attenUatii^ cardiomyocyte 
apoptosis within the ischemic area at risk. 

Methods and Resiifts— Sprague-Dawley rats were subjected to a 30-minute coronary occlusion followed by a 24-.hour 
reperfiision. An inert vehicle (dimethylsulfoxide; group 1, n=8) or ZVAD-fink, at a total dose of 3.3 mg/kg (group 2, 
n=8), was administered intravenously every 6 hours starting at 30 minutes before coronary occlusion until 24 hours of 
reperfiision. At this 24-hour point, hemodynamics were assessed by means of cardiac catheterization; then, the rats were 
killed, and the left ventricle was excised and sliced. The myocardial infarct size/ischemic area at risk and the count of 
presmned apoptotic cardiomyocytes (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling 
[XUNELJ-positive cells) within the ischemic area at risk were assessed through triphenyltetrazolivun chloride stainii^ and 
TUNEL methods, respectively. Peak positive left ventricular dP/dt was higher (P=.02) and left ventricular end-diastolic 
pressure was lower (P=.04) in group 2 than in group 1. The infarct size/ischemic area at risk of group 2 (52.4±4.0%) was 
smaller (P=.02) than that of group 1 (66.6±3.7%), and TUNEL-positive cells were fewer (P=.0002) (group 2, 3.1 ±0.9%; 
group 1, 11.1 ±1.0%). Agarose gel electrophoresis revealed DNA laddering in the border zone myocardimn of group 1, 
but DNA ladder formation was attenuated in group 2. 

Cottdusions — ^ZVAD-fink was effective in reducing myocardial reperfiision injury, which could at least be partially attributed 
to the attenuation of cardiomyocyte apoptosis. (Circulation. 1998;97:276-281.) 
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Attempts to reduce the extent of myocardial reperfiision 
iiyury have included lowering the risk posed by certain 
injurious Actors and potentiating various aspects of cardiopro- 
tection relating to ischemic duration,' oxygen firee radicals,^^ 
proinflammatory cytokines,^'^ and preconditionir^.*"*" It has 
been reported that apoptosis is a significant contributor to 
myocardial cell death as a result of reperfiision injury.* There- 
fore, it might be hypothesized that this type of injury could be 
- attenuated if a portion of the injured myocardial cells could be 
rescued firom an apoptotic death. 

See p 227 

The caspase inhibiton, that is, ICE-like protease inhibitors," 
interfere with apoptosis at a point subsequent to the initiation 

of the proapoptotic process in cells that have already received 
apoptosis-promoting signals. As opposed to reducing the 
exposure of cardiomyocytes to injurious stimuli, apoptosis of 
these ceils is attenuated through modulation of the daspase- 
related proapoptotic process, and this may allow ischemic 
myocardium to survive even after receiving significant injury. 
ZVAD-fink (fluoro-methylketone), a tripeptide inhibitor of 
the caspase, is reported to attenuate cardiomyocyte apoptosis in 



vitro.* In the present study, we investigated whether ZVAD- 
fink lowers the extent of experimental myocardial reperfiision 
injury in vivo by attenuating cardiomyocyte apoptosis. In a rat 
model for myocardial reperfiision injury, in&rct size and the 
appearance of presumed apoptotic cardiomyocytes were as- 
sessed in two groups that were or were not administered tiiis 
protease inhibitor. 

Methods 

This study was carried out under the supervision of die Animal 
Research Committee in accordance with the Guideline on Animal 
Experiments of Fukushima Medical College and Japanese Govem- 
ment Animal Protection and Management Law (No. 105). 

Animal Model 

Twenty-six of 36 addt male (290 to 310 g body wei^t) Sprague- 
Dawley rats were anesthetized through intraperitoneal administration 
of 30 mg/kg sodium pentobarbital. Under artificial ventilation with a 
rodent ventilator, a left thoracotomy was performed. The proximal 
portion of the left coronary artery was surgically occluded for 30 
minutes through Hgadon with a suture (size 6.0) followed by coronary 
reperfusion througji release of the tie. Coronary occlusion was 
confirmed through elevation of the ST segment on the ECG obtained 
from a limb lead. Transient ventricular arrhythmias were evoked in all 
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Selected Abbreviations and Acronyms 


DMSO 


— dimetliykulfexide 


ICE 


= inteileukin- 1/3— converting enzyme 


f /D 

I/R. 


= io&rct size/ischemic area at risk 


(±)-LV dP/dt 


= peak positive (+) and negative (~) 6ist 




derivatives of left ventricular pressure 


LVEDP 


= left ventricular end-diastoHc pressure 


LVSP 


= left ventricular peak systolic pressure 


PMN 


= polymorphonuclear leukocyte 


TdT 


^ terminal deoxynucleotidyl transferase 


TTC 


= triphenyltetrazolium chloride 


TUNEL 


— terminal deoxynucleotidyl transferase-mediated 




dUTP-biotin nick end labeling 


ZVAD-fink 


= Z-Val-Ak-Asp(OMe)^CH2F 



rats ^5 minutes after coronary occlusion, but these usually disap- 
peared after 10 minutes of occlusion. After coronary reperfusion, the 
tie was left loose on die sux£ice of die heart, the chest was closed, and 
the intratracheal tube and ECG electrodes were removed. The rats 
were returned to their cages, where they awakened, and they were 
allowed free access to food and water until tiiey were killed 24 houn 
later. 

One milligram of ZVAD-fink (Enzyme Systems Products) was 
dissolved in 107 /ulL of DMSO (Wako Pure Chemicals). In group 2 
animals (n=8), ZVAD-fmk, at one fourth of a total dose of 3.3 mg/kg 
body weigjit, was administered as a bolus into the tail vein four times 
during the study (first 30 minutes before coronary occlusion and then 
three times every 6 hours after reperfiision). The same amount of an 
inert vehicle (DMSO) was admirustCTed in the same manner to lats of 
group 1 (n— 8). 

To assess whether the amount of DMSO used as a vehicle would 
have a toxic efifect iri vivo, one fourth of a total DMSO volume of 353 
fil/kg body weight (n=S) or the same volume of saline (n=5) was 
administered four times to sham>operated rats in die same manner as 
to groups 1 and 2, 

Leukocytes are known to be involved in the formation of myocar- 
dial reperfusion injury.*^ As a positive control for this model of 
coronary repetfijsion injury, 4 rats were administered absorbed poly- 
clonal rabbit anti-rat PMN antisera at a dose of 3 mL/kg (Inter-Cell 
Technologies) 36 hoTO before coronary occlusion. Each was sub- 
jected to the 30-rmnute coronary occlusion and 24-hour reperfiision 
protocol, and 0.5 mL of blood was taken before occlusion and just 
before death. 

Hemodynamic Assessment 

Twenty-four hours after coronary reperfusion, rats were anesthetized 
again through intraperitoneal administration of 30 mg/kg sodium 
pentobarbital. ECG readings were monitored, and a polyetiiylene tube 
(PE 50; Becton-Dickinson) was inserted into the left ventricular cavity 
via die ri^t carotid artery, LVSP. LVEDP, and (±)-LV dP/dt were 
measured using a polygraph system (AP601G; Nihon Koden). 

Assessment of Infarcted Area and Detection of 
TUNEL-Positive Cardiomyocytes 

After hemodynamics were assessed at 24 hours of coronary reperfti- 
sion, 0,5 mL ofblood was obtained fiom the catheter for measurement 
of blood cells. Then, an intratracheal tube, was inserted, and die chest 
was reopened under artificial ventilation. The coronary artery was 
again briefly occluded tiirougji Hgation of the tie that remained at the 
site of the previous occlusion. Immediately after the Hgation, 1% Evans 
blue solution was infused tiirou^ the catheter into the beating left 
ventricular cavity to delineate the ischemic area at risk (underperftised 
and then reperfiised area) of the left ventricle. After administration of 
an excessive dose of sodium pentobarbital into the left ventricular 
cavity, the heart was excised and cross-sectioned from the apex to the 
atrioventricular groove into five specimens of «2 mm in thickness 
with the use of a stereoscope. Because there may be some anatomic 



dififerences in the left coronary artery of each rat, die three middle 
slices were prepared for moiphometry to detecmine die ischemic area 
at risk. These slices were incubated widi a 4% TTC" solution for 30 
minutes at 37®C in a dark room. Then, ischemic but viable (TTC- 
stained) and infiurcted (TTC-unstained) zones within die underper- 
fiised and then reperfiised area (Evans blue- unstained) and the 
nonischemic area (Bvans blue-stained) were stereoscopically measured 
using the point-counting method of Weibel^^ with an eyepiece 
equipped with a 25-square grid (Integration No. 1; Zweiss) under 
lOOX magnification, and I/R was calculated. These slices were dien 
fixed in 10% neutral-buffered formalin. Using paraflin sections that 
were 4 fun thick, TUNEL was performed as described previously'* 
with minor modifications. Briefly, nudei of tissue sections were 
stripped of proteins through incubation with 20 jLig/mL proteinase K 
(S^;ma Chemical) for 15 minutes at room temperature. The slides 
were incubated widi 2% HjOa for 5 minute to allow inactivation of 
endogenous peroxidase and then incubated for 60 minutes at 37**C 
widi 0.3 EU/piL TdT CTakani Schuzo Co) and 0.04 nmol/fiL 
biotinylated dUTP (Boehringw^-Mannheim Biochemica) in TdT 
buffer containing 30 mmol/L Tris-HCL pH 7.2, 140 mmol/L sodium 
cacodylate, and 1 mmol/L cobalt chloride. The reaction was termi- 
nated with buflfer containing 300 mmol/L NaQ and 30 mmol/L 
sodium citrate. The slides were coated with avidin-conjugated per- 
oxidase (Medical and Biological Laboratories) diluted 1:3000 in PBS 
and visualized vdth die use of chromogen 3,3'-diaminobenzidine 
(Dojindo) and HjOj. Counterstaining was performed with 2% methyl 
green. Using this method, each cardiomyocyte could be defined, and 
TdT-positive or -negative nuclei were stained dark brown or light 
green, respectively, under light microscopy. When the TUNEL 
method was performed, positive controls were always included. For 
DNase treatment in situ,*^ sections were processed with proteinase K, 
and peroxidase inactivation was carried out as described above. Next, 
die sections were pretreated widi DN buffer (30 mmol/L Tris-HCl, 
pH 7.2, 140 mmol/L K cacodylate, 4 mmol/L MgClj, and 

0. 1 mmol/L ditfiiothreitol); then, DNase I (Sigma).at 100 ng/mL was 
dissolved in this buffer and used , to cover each section. After a 
15-minute incubation at room teinperature; the slides were washed 
extensively widi double-distilled water, and DNA nick end labeling 
was carried out 

Using an eyepiece for the point-countir^ method (Integration No. 

1, Zweiss), which was performed under a hgjit microscope at a 
magnification of 400X, we determined the count ratio of the area of 
cardiomyocytes with TdT-stained nuclei with that of total cardio- 
myocytes (TUNEL-positive cardiomyocytes) within the ischemic area 
at risk. The entire area was searched through an orderly shifting of the 
visual field using the outer grids of the eyepiece for orientation. 
TUNEL-positive cardiomyocytes were carefiiUy distinguished from 
TUNEL-positive noncardiomyocytes, such as macrophages 

To assess the distribution of the infarcted area and TUNEL-positive 
cardiomyocytes in the left ventricular wall, we subdivided the ische- 
mic area at risk into three transmural stratified layers of equal thickness 
(epicardial, middle, and endocardial) in each slice mentioned above 
(Fig 1). We also divided the ischemic area at risk into five radial 
segments, and then diese five radial segments were rearranged as (Fig 
1) a right lateral border segment adjacent to the interventricular 
septum; a total of three central segments; and a left lateral border 
segment adjacent to the left ventrioilar posterior wall. For each of the 
segments or layen, I/R and TUNEL-positive cardiomyocytes were 
calculated, as well as for the entire ischemic area at risk. 

Using some of the paraffin sections of groups 1 and 2, hematoxylin 
and eosin staining was also performed for confirmation of myocardial 
reperfiision injury, such as myocardial cell coagulation, contraction 
bands, bleeding, and inflammatory cell infiltration. 

Genomic DNA Extraction and Agarose 
Gel Electrophoresis 

Rats subjected to the same occlusion and reperfiision protocol as 
groups 1 and 2. respectively (n=3 each group), had dieir hearts 
excised at 24 hours after reperfusion, and underperfiised myocardium 
was dehneated using Evans blue. The excised heart was sliced 
immediately as described above. Because TUNEL-positive cardio- 
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Figure 1. Myocardial segments and layers for assessment of 
distribution of the infarcted area and TUNEL-positive cardio- 
myocytes. The three middle slices of the five left ventricular 
slices of each heart were analyzed for measurements of the 
infarcted area and TUNEL-positive cardiomyocytes. The entire 
ischemic area at risk was first divided into five radial segments 
and then classified into three segments (right lateral border, 
central three radial segments, and left lateral border segment). 
The ischemic area at risic (R) was also divided into three myo- 
cardial layers (endocardial, middle, and epicardial layers). The 
rtieasurements of l/R and TUNEL-positive cardiomyocytes were 
done in the entire ischemic area at risk, as well as in each is- 
chemic portion. 



V:mybcyt^.w^ mainly in the lateral border zones and the 

• '^etidocardial side of the ischemic area at risk (as noted in "Results"), we 
»isp^ted -fresh myocardial specimens from these zones and from the 
-obre bftinfijrcted zones (mainly corresponding to the zone of die 
'cfetitral segment, including middle and epicardial layers in Fig 1) for 
' DNA extraction. Each myocardial specimen weigjied «*0.2 mg and 
^as minced in homogenization buffer (10 ramol/L Tris-HCl, 
150 mmol/L NaCl, and 10 mmol/L EDTA, pH 8.0) at 0<»C and 
homogenized for 15 seconds at 10 000 ipm using a Polytron homog- 
enizer (Kincmatica AG). The homogenate was then treated with 100 
fig/mL proteinase K and 0.1% SDS for 90 minutes at 50*^C. The 
DNA was extracted with phenol and chloroform followed by ethanol 
predpttation. The pellet was resuspended in T£ buffer (10 mmol/L 
Tris-HCl. pH 8.0. and 1 mmol/L EDTA) and treated with DNase- 
.free RNase ^oehringer-Mannheim) for 2 hours at 37*^0. The 
concentration of DNA was measured through spectrophotometry, 
and 10 \x% of each DNA sample was then electrophoretically fraction- 
ated on a 1.5% agarose gel containing ediidium bromide at a 
concentration of 0.4 /i^/mL, DNA was visualized with a UV (302 
nm) transilluminator. and the gel was photographed with the use of a 
Polaroid camera. 

Statistical Analysis 

Data are expressed as mean±SEM. To compare group 1 (control 
ischemia/reperfrision) with group 2 or to compare the two groups of 
sham-operated tats, an unpaired i test was peiformed. For comparisons 



between the positive anti-PMN control and the other groups, 
one-way ANOVA followed by Fisher's posthoc comparison was 
carried out. For comparisons in I/R and TUNEL-positive cardio- 
myocytes among different myocardial portions, two-way ANOVA 
followed by Fisher's posthoc comparison was carried out A value of 
P<.05 was considered statistically significant. 

Results 

Hemograms 

White blood cell counts just before death revealed no differ- 
ence between group 1 (9502±351//iL) and group 2 
(9350±435//biL). In anti-PMN-treated rats, white blood cell 
counts were 956± 132/ftL (P<.000i versus group 1 and group 
2) before coronary occlusion and 1081±156//xL (P<.0001 
versus group 1 and group 2) just before death. In this positive 
control group, lymphocytes made up most of the white blood 
cells (>99%). 

Positive Control for the Rat Model of 
Reperfusion Injury 

The ischemic area at risk was 53.0±2.5% (NS versus group 1 
and group 2), and the I/R was 51.0^:1.7% (P<.05 versus 
group 1, NS versus group 2). 

Hemodynamics 

Although the LVSP did not differ between groups 1 and 2, the 
LVEDP of group 2 was lower (P=.04) than that of group 1 
(Table). The positive LV dP/dt of group 2 was greater (P=.02) 
. than that of group 1, but die heart rates of the two groups did 
not differ. 

For the sham-operated rats, administration of DMSO or 
saline resulted in no differences in LVSP/EDP or LV dP/dt 
value or in the heart rate. 

Myocardial Infarct Size and 
TUNEL-Positive Cardiomyocytes 

The ischemic areas at risk of groups 1 and 2 were similar 
(53.9±2.9% in group 1 and 55.4±3.0% in group 2, NS). In the 
entire ischemic area at risk, the I/R of group 2 (52.4 ±4.0%) 
was significantly (P=,02) smaller than that of group 1 
(66.6±3.7%) (Fig 2, left). The I/Rs of left and right lateral 
border segments or endocardial and epicardial layen were 
smaller (P<,05, <.05, or P<.05, <.01, respectively) than that 
of the central segment or that of the middle layer in group 1 
(Fig 3). In group 2, the I/R^ of all of three myocardial 
segments and all of three layers were smaller (P<.05, each) 
than those of group 1. 

We coiifirmed that all nudd of cardiomyocytes on sections 
subjected to DNase treatment (as a poative control for the TUNEL 



Hemodynamics Before Death 



Group 


LVSP/LVEDP, mm Hg 


LV dP/dl, mm Hg/s 


Heart Rate, bpm 


1 


133±5/9±1 


+4296±204/-4385±337 


428±18 


2 


136±8/5±r 


+4907±1297-4715±227 


409±14 


PMN-depIeted (positive controls) 


126i1/6±1 


+4716±143/-4684±130 


410±10 


Sham with'DMSO 


139±5/2±lf 


+5545±205t/-5468±131t 


390±10 


Sham with saline 


. 137±2/2±1t 


+5440±147t/-5088±3l6 


398±14 



*P<.05. \P<S\ vs group 1. 

In group 2, LVEDP was lower and +LV dP/dt was higher than In sroup 1. 



ST AVAILABLE COPY 



Yaoita et al 



219 




Figure 2. Infarct size and TUNEL-positive cardiomyocytes In 
the entire underperfused and then reperfused area. Left, l/R. 
Right, TUNEL-posltive cardiomyocytes in the ischemic area at 
risic The column representing the infarcted area was lower 
(P=.02) for group 2 than for group 1. The counts of TUNEL- 
positive cardiomyocytes in group 2 were lower (P=.0002) than 
in group 1. Group 1, infarcted rats (n=8) administered vehicle; 
group 2, infarcted rats (n=8) treated with ZVAD-fmk at a total 
dose of 3.3 mg/kg. 



method) were stained daik brown each time the TUNEL method 
was performed. The concentration of the TUNEL-positive cardio- 
myocytes of group 2 (3.1 ±0.9%) was significandy (P=,0002) less 
than that of group 1 (11.1±1.0%) (Fig 2, li^). hi group 1, 
TUNELrpodtive cardiomyocytes were greater in left and ri^ lateral 
segments (P<.05, <.01, respectively) than in die central s^ment and 
greater in the endocardial layer (P<.01) but smaller in die epicardial 
kyer (P<.01) daan in die middle layer (Fig 4). hi group 2, TUNEL- 
positive cardiomyocytes of all of three s^ments (P<.01, ead^ and of 
endocardial, middle, ani epicardial layers (P<.01, <.01, <.05, 
respectively) were smaller than diose of group 1 (K^ 4 and 5). 
Therefore, there were no significant differences of TUNEL-positive 
cardiomycKytes in group 2 among the three myocaicfials^menls or 
diree myocardial layers (fig 4), 

Neither TTC-negative zones nor TUNEL-positive cardio- 
myocytes were detected in the sham-operated rats adminis- 
tered DMSO or saline. 




Myocardial Segments Myocardiar Uym 

■ group>1 (n-8) «<0.0S 
□ Sraup-2 (n«8) 

Figure 3. The l/R in myocardial segments or myocardial layers. 
In group 1, the l/R was smaller in left and right lateral border 
segments (P<.05, respectively) than the central segment (left). 
Furthemiore, in this group, the l/R was smaller in endocardial 
and epicardial layers (P<.05, <.01, respectively) than the middle 
layer (right). In group 2, the l/R of three myocardial segments 
(left) and of three myocardial layers (right) was smaller than that 
of the corresponding segments or layers of group 1 (P<.05. 
respectively). 




Myocardial Segmems Hyocardial Layers 



■ group-l (na8) «<0X>5 
□ group-Z (11-8) t<0.01 

Figure 4. The TUNEL-positive cardiomyocytes in myocardial 
segments or myocardial layers within the ischemic area at risk. 
In group 1, TUNEL-positive cardiomyocytes of left and right lat- 
eral border segments (left) were greater than that of the central 
segment (P<.05, <.01, respectively). In this group, TUNEL-posi- 
tive cardiomyocytes of the endocardial layer or those of the epi- 
cardial layer were greater (P<.01) or smaller (P<.01) than those 
of the middle layer, respectively (right). In group 2, TUNEL-posi- 
tive cardiomyocytes were smaller than those of group 1 in all of 
three myocardial segments and three myocardial layers tf'<.05 
or<.01). 

Agarose Gel Electrophoresis 

DNA laddering indicative of ftagmented DNA was deady dem- 
onstrated in myocardial specimens sampled from the lateral border 
zones and the endocardial side of the ischemic area at risk in group 
1 (lane 4) but was attenuated in group 2 (lane 3), as shown in Rg 
6. DNA laddering in the core of inEurtion was attenuated in 
group 1 (lane 2) and was absent in groi^ 2 (lane 1). 

Discussion 

The present study revealed that administration of ZVAD- 
fink reduced both the size of the myocardial infarct, as 
assessed through TTC staining, and the number of 
TUNEL-positive cardiomyocytes, with significant hemo- 
dynamic improvement in vivo in rats that underwent the 
30-minute coronary occlusion and 24-hour reperfusion 
procedure. TUNEL-positive cardiomyocytes appeared to 
be apoptotic in this study because well-defined (group 1) or 
attenuated (group 2) DNA laddering on electrophoresis was 
consistent with a higher or lower value of TUNEL-positive 
cardiomyocytes, respectively, in the ischemic area at risk of 
the two groups. In a prehminary study using frozen sections, 
we confirmed that none of the TUNEL-positive cardio- 
myocytes were stained with TTC, Therefore, a reduction in 
their number appeared to contribute to a reduction in the 
myocardial mfarct size. These results suggested that ZVAD- 
fink was effective in reducing myocardial reperfusion injury, 
which could be at least partially attributed to the attenuation 
of cardiomyocyte apoptosis. 

ZVAD-fink achieved ^21% decrease in the I/R and ^^72% 
decrease in TUNEL-positive cardiomyocytes, as ratios com- 
pared with the control ischemia/reperfusion. However, the 
absolute value for decrease in TTC unstained area («^14%j 
appeared somewhat greater than that of TUNEL-positive 
cardiomyocytes (^8%) (Fig 2); we must be careful to simply 
compare the absolute values of TUNEL-positive cardiomyo- 
cytes with the I/R because the methodology for quantification 
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HguiB a Ught mk^roGoopte 
myocytes (anpws) in the endcKsaitii^ 
myocytes Oop to rnkkfle) aixi a TUNELix>sit^ 

myocytes were frequently detected hi the endocardial layer in group 1 (oontrol ischenriia^eperfuslon) (i'^. In this group, TUN EL-positive 
cardiomyocytBs were vvldely spread close to endocardium 
endocardial side cbse to the core cf Infarction in group 2 

possibly necrotic cardiomyocytes with appearance of disappeared nuclei and degenerated cytoplasm p. TUNEL-posltive cardiomyocytes did not 
coexist with the msfis cf these degenerated cardomyocytes but were pre^ 



was not the same between TTC staining (histochemical area 
measurement on. myocardial slices) and the TUNEL method 
(histological cell. counting on paraffin sections). Furthermore, 
we cannot exclude the possibility that ZVAD-ftnk interferes 




Rgure 6. AgarDse gel electrophoresis. S Indicates size marker (bp). 
l.ane 1 , sampled from the core of Infarction in myocardium with the 
same experimental protocol as group 2; lane 2, sampled from the 
core of Infarction in myocardium with tiie same experimental protocol 
as group 1; lane 3, sampled from etxiocardial and lateral bonder 
zones of the ischemic area at risk In myocardium with the same 
experimental protocol as group 2; and lane 4, sampled from endocar- 
dial and lateral border zones of the ischemic area at risk in myocardi- 
um with the same experimental protocol as group 1 . DNA laddering 
was well defined in the sample from peripheral zone of the ischemic 
area at risk In control isdiemia/reperfuslon (lane 4), txit DNA ladder 
f omiation was attenuated in peripheral zone of the Ischemic area at 
risk in the ZVAD-frnk-treated ischemia/reperfusion (lane 3) or in ttie 
core of Infandion in control ischemia/rBperfusion (lane 2). DNA ladder 
was not detected in the core of infarction in ZVAD-fmk-4reated ische- 
miaAieperfiisbn (lane 1). 



with myocardial necrotic process as well as the apoptodc 
process.""" Tsujimoto and colleagues"'" recendy revealed that 
ICE inhibiton retarded necrotic cell death as well as apoptotic 
cell death in their in vitro system of chemical hypoxia. The 
authors speculated that there was possible involvement of 
common mediators in apoptotic and necrotic signal transduc- 
tions, although their detailed mechanisms remain to be deter- 
mined. In the present study, we might have observed effects of 
ZVAD-fink on these possible but undetermined common 
mediators. However, our examination in an in vivo system is 
not suited for approach to signal transductions of these two 
forms of cell death. The third possibiHty is the difference in 
time horn initiation of cellular change until elimination be- 
tween apoptosis and other types of cell death, both forming the 
infarction. Apoptotic cells are eliminated through phagocytosis 
in a few minutes in an in vitro condition^^ and in a few hours 
in an in vivo condition.^ In contrast, necrotic cardiomyocytes 
are eliminated much slowly by infiltrating inflammatory cells. 
Although a tumover of apoptotic cardiomyocytes in vivo has 
not been clarified so far, it may be speculated that the amount 
of TUNEL-positive cells quantified at a death stage may not 
equal the total amount of apoptotic cardiomyocytes that appear 
during a 24-'hour reperfusion period. 

To date, nothing is known about the fate of cardiomyocytes 
that have been exposed to ZVAD-fink but have not under- 
gone a proapoptotic process, such as initiation of apoptotic 
signal transduction via TNF receptor. These cardiomyocytes 
may continue to survive or may undergo an early death 
because of injury already sustained. Myocardial in&ct size was 
assessed only at 24 hoius after reperfusion in the present study. 
Future studies will be needed to evaluate the viability of 
cardiomyocytes that escape apoptosis through assessment of 
infarct extension in the later phase of reperfiision. 
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